Electron spins in solids constitute remarkable quantum sensors. Individual defect centers in diamond were used to detect individual nuclear spins with nanometer scale 1 arXiv:1901.01614v1 [cond-mat.mes-hall]
resolution, and ensemble magnetometers rival SQUID and vapor cell magnetometers when taking into account room temperature operation and size. NV center spins can also detect electric field vectors, despite their weak coupling to electric fields. Here, we employ ensembles of NV center spins to measure macroscopic AC electric vector fields with high precision. We utilize low strain, 12 C enriched diamond to achieve maximum sensitivity and tailor the spin Hamiltonian via proper magnetic field adjustment to map out the AC electric field strength and polarization and arrive at refined electric field coupling constants. For high precision measurements we combine classical lockin detection with aspects from quantum phase estimation for effective suppression of technical noise. Eventually, this enables t −1/2 uncertainty scaling of the electric field strength over extended averaging periods, enabling us to reach a sensitivity down to 10 −7 V/µm.
Solid state spins have matured to leading contenders in the field of nanoscale sensing. 1 As spins couple to magnetic fields via their magnetic moment, they naturally lend themselves to magnetometry. Additionally, by coupling to the lattice they have been shown to measure temperature and strain, and hence force or pressure with high sensitivity and exquisite spatial resolution. 2 Intrinsically however, spins only interact with electric fields via the orbital angular momentum of e.g. electrons. Yet, precision sensing of electric fields or charges is a long standing challenge in metrology, tackled by e.g. single electron transistors, [3] [4] [5] energy level shift measurements of ions 6 or Rydberg atoms. 7 Spins with total angular momentum J ≥ 1 couple to gradients of electric fields and all spins can be indirectly affected by electric fields via spin orbit coupling. It would thus be interesting to extend those studies to solid state spin systems for the sake of precision metrology especially with high spatial resolution.
Electric field coupling to spins has been observed in a variety of cases 8, 9 and used e.g. for their coherent control. Point defects in diamond 10,11 and e.g. SiC 12 typically show little coupling to electric fields because of the small spin orbit coupling in these materials and the fact that the orbital angular momentum is largely quenched at room temperature. However, the NV center shows a sizeable spin orbit coupling in the excited state and a small fraction 2 of that is measured in the electron ground state. This shift has been detected before using single NVs and in NV ensembles with strong fields, using ESR and ODMR. 9, 13, 14 In the present work we are concerned with precision measurements of weak AC electric fields using a low strain, isotopically engineered HPHT diamond. As the NV center in diamond has a C 3v symmetry, the linear Stark shift Hamiltonian is given by
with the axial coupling constant R 3D being around 3.5 kHz/V/µm and the transversal coupling R 2E being around 170 kHz/V/µm. The first term is suppressed by the zero-field splitting and the last term is, due to its small coupling constant R 3D , not viable for precision measurement. Hence the transversal term, H Stark,⊥ given by R 2E is of primary importance for this work.
Under standard sensing conditions, the spin of the NV center in the ground state is dominated by the zero-field splitting D, followed by the axial magnetic field B z . The resulting eigenstates are thus the eigenstates of theŜ z operator, noted as |+1 , |0 , and |−1 . The energies of these states do not change in first order with an applied electric field, which can be seen best by rewriting the transversal term of the Stark shift Hamiltonian to
with the transversal electric field strength E ⊥ and the angle of the electric field in the xyplane φ E . The expectation value of H Stark,⊥ in the basis of S z is zero: field on the order of some millitesla leads to a suppression of the coupling to an axial magnetic field. States dominated by a transversal magnetic field are insensitive towards fluctuating surrounding nuclear spins and exhibit longer coherence times. These states, without an axial magnetic field and a transversal magnetic field much smaller than the zero-field splitting,
where φ B is the azimuthal angle of the magnetic field and they show a linear Stark shift, as the expectation values of H Stark,⊥ in this basis become
This shows that the shift depends significantly on the direction of the transversal electric and magnetic fields relative to each other and to the direction of the three carbon atoms adjacent to the vacancy. 16 In this Hamiltonian, φ = 0 is defined as being along the projection of one of the vacancy-carbon axes on the transversal plane. For the lower transition, the shift is positive at φ B = φ E = 0, where both fields are in the direction of a carbon atom. Hence, the shift follows the three-fold symmetry of the NV, as φ = φ B = φ E leads to a shift proportional to cos 3φ. 15 In an ensemble of NVs, the directions of the NVs are statistically distributed, so along each of the four possible alignment axes for the NV, the order of nitrogen and vacancy is reversed for half of the NVs, as shown in fig. 1 (a). It follows, that for a given applied magnetic and electric transversal field, the frequency shift is positive for half the NVs in the ensemble and negative for the other half of the ensemble. So, only the absolute value of the shift is measurable. A dense ensemble of NVs also exhibits high strain, which is distributed randomly between the NVs, leading to a broadening of the transition. As the strain Hamiltonian has the same form as the electric field Hamiltonian, a static electric field can not be distinguished from strain and the transitions sensitive to electric fields are inhomogeneously broadened by strain far more than the states dominated by an axial field.
Here we measure the AC electric field of a plate capacitor using a ≈ 500 µm large diamond with a 0.9 ppm NV ensemble, see fig. 1 . We apply a static magnetic field to taylor the NV spin Hamiltonian as mentioned and use microwave fields to manipulate the spins and perform measurement sequences. The spin states are read out optically through the spin-dependent fluorescence of the NV by applying laser pulses on the ensemble where the resulting PL signal accumulates the response of the NV spins within a sample volume of ≈ 500x50x50 µm 3 in a single sweep. Conventional metrology involving NVs depends on repetitive measurement schemes where the signal to be measured is triggered to the measurement sequence and the results are averaged. 17 The use of a Hahn-Echo measurement, as shown in fig. 2 (a), leads to a phase collected by the NV spin during the free evolution time τ (see fig. 2(b) ), which is maximum for τ being equal to the period of the signal. The scheme measures the cosine of the accumulated phase Φ acc ,
with the electric field amplitude E, the signal frequency f and the evolution time τ . The resulting PL signal response is hence also a cosine which decays for higher electric fields fig. 2 (c) . Here, the most sensitive point for electric fields is at an applied voltage amplitude of about 4.8 V, where the slope is steepest (see fig. 2(c) ). Especially for small electric field signals, the measurement of the sine of the accumulated phase Φ acc would be advantageous, yet is not possible here since the sign of the frequency shift is reversed for half of the NVs, as mentioned before.
By measuring the noise of the measurement, the Allan deviation can be calculated (see fig. 2 (d) ) and it can be seen that it scales only up to a few tens of ms, leading to a maximum precision of about 3.1·10 The main idea is as follows. An AC signal can be measured effectively using a Hahn-Echo measurement, as long as the frequency of the signal is not lower than 1/T 2 . The π-pulse in the middle of the free evolution time τ refocuses the spin such that any low frequency fluctuations are averaged out, while an AC signal which changes its sign during the π-pulse is enhanced. The phase between measurement and signal is now shifted between subsequent measurements, as the measurement train adds a phase shift of δφ = 2πf δt towards the signal after each measurement, with f being the signal frequency and δt the time added between measurement sequences. The phase collected by the NV is now dependent on the phase of the measured signal compared to the measurement (see fig. 3 and Supporting Information):
where a is the amplitude of the frequency shift of the respective NV spin transition caused by the signal and φ 0 = 2πf mδt is the phase of the signal at the start of the m-th measurement.
The maximum accumulated phase Φ acc, max = 4a/f is collected when the signal is a sine during the Hahn-Echo measurement, as shown in fig. 3 (left). As seen in eq. 9, the accumulated phase goes linear with the shift a and oscillates with the signal frequency f .
The accumulated phase Φ acc cannot be read out directly, instead either its sine or cosine is retrieved. When the sine of the phase is measured, s = sin (Φ acc ) and the shift a is small, the measured signal can be approximated by s = Φ acc , resulting in an oscillation at frequency f and an amplitude proportional to a. 
where J α is a Bessel function of the first kind. A detailed calculation of the relation is shown in the Supporting Information. An example from such a measurement can be seen in fig. 4(a) . Eq. 10 shows, that the resulting spectrum exhibits peaks at multiples of 2f .
With a higher signal strength, higher orders of these Fourier components will appear. 21 The bandwidth of the measurement with respect to the coupling strength is limited only by the chosen phase difference 2πf δt. As this scheme measures phases between 0 and Φ acc, max , it is an effective way to circumvent any ambiguity coming from measuring the cosine of the accumulated phase, i.e. the signal for Φ acc + 2π being the same as for Φ acc . 22 In fig. 4 The blue line shows the sensitivity using only the amplitude for the frequency of 2f , the green line shows the sensitivity calculated by the ratio between the amplitudes at 2f and 4f . It shows a √ Hz behavior for about 100 s, leading to a maximum precision of ≈ 5 · 10 −6 V/µm. The purple line depicts the sensitivity for noise measured on frequencies which are not a multiple of f . As this shows a better sensitivity as well as a longer scaling, the measurement is limited by the signal source. which can be recalculated using the gap of the plate capacitor as d = 490 ± 10 µm to get the coupling constant R 2E = 165 ± 7 kHz/V/µm, refining the value given by van Yet, the electric field sensitivity showed no improvement, meaning either that there is no limiting noise from temperature or the imperfect MW pulses and residual SQT make this advantage void. Here, robust MW pulses and two orthogonal linear polarized MW fields could help in the future to achieve a much higher degree of population in the double quantum transition, making it possible to fully utilize the advantages of a DQT measurement.
In conclusion, we presented precision measurement of electric fields using an ensemble of NV centers. The measurement of AC electric fields much smaller than the intrinsic strain could be shown. We achieved a precision of approximately 10 −5 V/µm/ √ Hz. For this, we adapted continuous measurement schemes and operate them in the non-linear regime. This allows for the measurement of signals over a large bandwidth of signal frequencies and also a large bandwidth of coupling frequencies, akin to a quantum phase estimation algorithm.
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As we compare the amplitudes at multiples of the known signal frequency, this measurement also functions as a lock-in detection. The coupling constant for a coupling between NV and electric field was found to be R 2E = 165 ± 7 kHz/V/µm, which is in good agreement with the previously reported coupling constant R 2E = 175 ± 30 kHz/V/µm. 14 The longitudinal coupling constant R 3D was too small to be measured, which would match with a coupling constant R 3D = 3.5 kHz/V/µm reported by Van Oort. With measurements at the ground state level anti-crossing, we are able to give an upper limit for the as of yet unmeasured coupling constant R 15 < 0.047·R 2E (see Supporting Information). Our measurement scheme might well be extended to other sensing modalities where weak signals are accumulated over extended averaging period including magnetic field and temperature measurements.
